A genomic library of Erwinia chrysanthemi DNA was constructed in bacteriophage A1059 and recombinants expressing Er. chrysanthemi asparaginase detected using purified anti-asparaginase IgG. The gene was subcloned on a 4.7 kb EcoRI DNA restriction fragment into pUC9 to generate the recombinant plasmid pASN30. The position and orientation of the asparaginase structural gene was determined by subcloning. The enzyme was produced at high levels in Escherichia coli (5% of soluble protein) and was shown to be exported to the periplasmic space. Purified asparaginase from E. coli cells carrying pASN30 was indistinguishable from the Erwinia enzyme on the basis of specific activity [660-700 units (mg protein)-'], PI value (8.5), and subunit molecular weight (32 x lo3). Expression of the cloned gene was subject to glucose repression in E. coli but was not significantly repressed by glycerol. Recombinant plasmids, containing the asparaginase gene, when introduced into Erwinia carotovora, caused increased synthesis of the enzyme (2-4 fold higher than the current production strain). al., 1980), and has been isolated from a variety of sources. It is used extensively in the treatment of acute lymphatic leukaemia (Broome, 1961) , since it causes a depletion of circulatory Lasparagine to which lymphatic carcinomers are particularly sensitive. To date, the principal source of asparaginase has been the bacterium Erwinia chrysantherni NCPPB 1066. This particular enzyme is tetrameric with a subunit molecular weight of 32 x lo3. Studies on the regulation of asparaginase production in Er. chrysantherni indicate that synthesis of the protein is repressed by both glucose and glycerol, but is unaffected by either nitrogen or aspartate (Callow et al., 1971). Asparagine does not act as an inducer of asparaginase synthesis.
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This work Bagdasarian et af. (1981) of 2 mg ml-I. Ampicillin (100 pg ml-I) was used in media for the selection and growth of transformants. Functional P-galactosidase was detected by the addition of 5-bromo-4-chloro-indoyl-~-~-galactoside (X-Gal) to a final concentration of 2 pg ml-I.
Chemicals. NaIz5I [carrier free; 100 mCi ml-I (3.7 GBq ml-I)] and the in vitro packaging kit were from Amersham. Agarose, restriction enzymes and T4 DNA ligase were from BRL. Formamide was from Fluka. PVC discs were from H. Tweed (Salisbury, UK). X-OMAT RP X-ray film was from Kodak. CNBr activated Sepharose 4B was from Pharmacia. All other reagents were from Sigma or BDH.
DNA isolation.
(i) Er. chrysanthemi DNA. Mid-exponential phase cells of Er. chrysanthemi were harvested and lysed by the 'Brij lysis' method (Clewell & Helinski, 1969) . DNA was extracted as described by Gilbert et al. (1985) . The final DNA preparation was severely degraded, an observation similar to that of Keen et al. (1984) .
(ii) Plasmid DNA. E. coli plasmids were purified from 1 litre L-broth cultures containing ampicillin by 'Brij lysis' and subsequent CsCl density centrifugation (Clewell & Helinski, 1969) . The rapid boiling method of Holmes & Quigley (1 98 1 ) was used for small scale plasmid isolation for screening purposes.
Construction sf aphage library of'Er. chrysanthemi DNA. This was done as described by Karn et al. (1980) . Briefly, Er. chrysanthemi DNA was partially digested with Sau3a, and DNA fragments 15-25 kb in size were purified by agarose gel electrophoresis. The restriction fragments were ligated to 11059 DNA cleaved with BamHI. The D N A was in uitro packaged, and the Spi-phenotype of recombinant phage was selected by growth on the E. coli P2 lysogen 4359.
PuriJication of anti-Erwinia asparaginase IgG. Purified Erwinia asparaginase was immobilized on CNBractivated Sepharose 4B, according to the manufacturer's instructions, at a concentration of 2 mg protein (ml gel)-'. The IgG-containing, (NH,),SO, fraction of asparaginase antiserum was passed through the column and unbound protein removed by washing with 20 mM-sodium phosphate buffer, pH 7.5, containing 0.15 M-NaCI. Anti-Erwinia asparaginase IgG was eluted with 0.1 M-glycine/HCl buffer, pH 3.0, containing 0.5 M-NaC1. The pH was immediately adjusted to pH 7-0 with 1 M-Tris/HCl buffer, pH 8.0, and the antibody was stored at 4 "C in the presence of 0.01 ' 4 NaN3.
Screening of'the 1 library.for the Erwinia asparaginase gene. For screening the 1 library, recombinant phage were grown on E. coli strain 4358 to a density of 100 plaques cm-'. Plaques were screened for the presence of Erwinia asparaginase antigen by the method of Broome & Gilbert (1979) . The IgG fraction of Erwinia asparaginase antiserum was used to coat the PVC discs. Purified '2SI-labelled, anti-asparaginase IgG was used as the radiolabelled probe. If the IgG fraction of Erwinia asparaginase antiserum was used as the radioactive probe, very severe background problems resulted.
General recombinant DNA procedures. Restriction endonucleases and T4 DNA ligase were used according to the manufacturer's instructions. Transformation of E. coli was as described by Cohen et al. (1972) . DNA was electrophoresed in agarose gels (0.8%-1-9%) using a Tris/borate/EDTA buffer (Meyers et al., 1976) . 1 DNA digested with HindIII, or HindIII and EcoRI, and 4x174 RF digested with HaeIII were used as molecular weight standards. All recombinant DNA work was done under category I containment.
Cellfractionation techniques. The cytoplasmic, membrane and periplasmic fractions of E. coli were prepared as described by Minton et al. (1983) .
Asparaginase assay. Asparaginase catalytic activity was determined by the method of . Radioimmunoassay of' Erwinia asparaginase. All components in the assay were diluted with 50 mwpotassium phosphate buffer, pH 7.4, containing 0.85% NaCl and 0.1 % bovine serum albumin. Erwinia asparaginase antiserum (0.1 ml of a 105-fold dilution) was mixed with 0.1 ml Erwinia asparaginase standard solution (1 pg-10 ng ml-')or a dilution of the test sample. Finally 0.1 ml '251-labelled Erwinia asparaginase (2 x lo5 c.p.m. ml-I) was added and the tubes were incubated overnight at 20 "C. Donkey anti-rabbit IgG (0.1 ml of a 50-fold dilution of serum supplied by Wellcome) and normal rabbit serum (0.1 ml of a 300-fold dilution) were then added and the tubes were incubated for 3 h at room temperature. After adding 1 ml of water, the tubes were centrifuged for 30 min at 45 x lo3 g. The supernatants were aspirated and the tubes counted in a LKB 1270 Rackgamma counter. Blanks consisted of all components of the assay except Erwinia asparaginase. Approximately 30% of the 1251-labelled Erwinia asparaginase bound to its antibody in the absence of unlabelled enzyme. Erwinia transformation. The transformation method used was essentially that described by Hinton et al. (1985) , except that dimethylformamide was substituted for dimethylsulphoxide, and the competent cells were heat shocked at 30 "C for 7 min (G. Salmond, personal communication). Using this procedure transformation frequencies of 1 O3 transformants (pg plasmid DNA)-' were routinely obtained.
PuriJication of'Erwinia asparaginase from E. coli. A column of CM-cellulose (10 ml bed volume) was equilibrated with 20 mM-SodiUm phosphate buffer, pH 6-3. The cell-free extract of lysed E. coli cells was equilibrated in the same buffer by gel filtration on a 10 ml G25 column. Protein (15 mg) was applied to the CM-column in a volume of 5 ml and unbound protein washed through the column. Bound protein was eluted with a 100 ml linear sodium phosphate gradient (20-80 mM, pH 6.3). Asparaginase was eluted in a single sharp peak at a phosphate concentration of 40 mM. Fractions containing asparaginase activity were pooled and concentrated. The enzyme preparation was homogeneous as judged by SDS-PAGE.
RESULTS

Isolation of the asparaginase gene
A clone bank of Er. chrysanthemi DNA was constructed in bacteriophage 111059 and a total of 20000 recombinants were isolated. The 1 library was screened as described in Methods for phage which synthesized Erwinia asparaginase antigen. Approximately 20 phage were shown to produce antigen, indicating that these recombinants carried at least part of the asparaginase gene. DNA was extracted from four of these phage and digested with various restriction enzymes. A 4.7 kb EcoRI DNA fragment, common to all 4 phage, was subcloned into the EcoRI site of pUC9 in both orientations to yield the recombinant plasmids pASN30 and pASN32. Cells of E. coli JM83 harbouring either plasmid were shown to synthesize high levels of both catalytically and antigenically active Erwinia asparaginase ( Table 2) . A restriction enzyme map of the Er. chrysanthemi DNA inserted in pASN30 is presented in Fig. 1 .
Table 2. Expression of Erwinia asparaginase from recombinant plasmids
Plasmids were inserted into E. coli JM83. Recombinant strains were grown to late exponential/early stationary phase in L-broth. The cells were lysed by 'Brij lysis', DNA degraded with DNAase and bacterial debris removed by centrifugation at 16 x lo3 g for 5 min. Asparaginase activity, Erwinia asparaginase antigen and protein were assayed as described in Methods. Subcloning and orientation of' the asparaginase gene The position of the asparaginase gene within the 4.7 kb EcoRI DNA fragment was determined by deleting and subcloning various restriction fragments into pUC8 or pUC9, followed by determination of asparaginase activity in the resultant recombinant clones. The asparaginase gene in pASN30 was still active after deletion of the 1.3 kb SphI fragment (Fig. l) , but was inactivated by deletion of either the 1-4 kb SalI or 2-2 kb PstI fragment. When the PstIEcoRI (5.1-7-4) fragment was cloned into pUC8, cells carrying the resultant recombinant plasmid (pASN40) did not produce detectable levels of asparaginase. In contrast, cells harbouring a recombinant plasmid (pASN42) generated by inserting the same fragment into pUC9 were found to produce the enzyme. This implies that the expression of the asparaginase gene from the EcoRI-PstI fragment is dependent on an extraneous promoter, presumably the lac promoter which lies upstream of the polylinker region of both pUC8 and pUC9. To test this possibility the plasmid pNM52 (a multicopy plasmid carrying the lacP gene, which is compatible with vectors utilizing a ColEl replicon) was constructed as described in Fig. 2 and introduced into JM83 carrying either p4SN40 or pASN42. In the case of cells carrying pNM52 and pASN42, detectable amounts of asparaginase were only observed following induction of the lac promoter with isopropyl thio-S-galactoside (IPTG, Table 2 ). Addition of IPTG to cells harbouring pNM52 and pASN40 did not elicit asparaginase production.
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The above data locate the asparaginase structural gene in a region between the PstI and EcoRI restriction sites at map positions 5.1 and 7.4 respectively (Fig. 1) . The orientationdependent expression of asparaginase From the 2.3 kb PstI-EcoRI fragment, compared to the orientation-independent expression of the 4.7 kb EcoRI fragment, indicates that PstI cleaves either within or downstream of the asparaginase promoter region. Furthermore, regulatory control of asparaginase expression by the lac promoter of pASN42 allows the direction of transcription of the gene to be deduced. Thus, in pASN30 (Fig. 1 ) the asparaginase gene is transcribed in the opposite orientation to the p-lactamase and l a d ' genes.
Expression of'the cloned gene in E. coli
Cells harbouring pASN 30 produced approximately 6% of soluble protein as asparaginase (Table 2 ). To determine whether the cloned product in E. coli has the same properties as enzyme from Er. chrysantherni, the asparaginase was purified from both enterobacteria and characterized. Asparaginase purified from E. coli had a specific activity of 660 units (mg protein)-* which compares favourably with the value of 700 units (mg protein)-' for the enzyme isolated from Erwinia. Asparaginase isolated from both enterobacteria had an identical PI value (8.5) and subunit molecular weight (32 x lo3 ; Fig. 3 ) and in both cases appeared to be tetrameric as determined by gel filtration.
Periplasrnic localization of' asparaginase
Asparaginase is located in the periplasm of Er. chrysanthemi (H. E. Wade, personal communication) . The localization of the cloned enzyme in E. coli was therefore examined by the separation of cellular proteins into cytoplasmic, periplasmic and whole membrane fractions. As Fig. 2 . Construction of pNM52. Plasmid pNM52 was constructed as follows. A 10 kb EcoRI restriction fragment carrying the lucI gene was subcloned from the plasmid pHIQ6a (Hare & Sadler, 1978) into the EcoRI site of pACYC184 (Chang & Cohen, 1978) . The EcoRI insert carrying lac1 was Fig. 3 . SDS-PAGE of purified Erwinia asparaginase and E. coli cell-free extracts. Protein samples were electrophoresed on a 10% polyacrylamitfe gel as described by Laemmli (1970) . Cell-free extracts of E. coli strains were prepared by sonication of' late exponential phase cells followed by centrifugation at 16 x 1 O3 g for 10 min to remove cell debris. Erwinia asparaginase was purified as described in Methods. Lane 1, 100 pg cell-free extract of E. coli harbouring pUC9; lane 2, 100 pg cell-free extract of E. coli harbouring pASN30; lane 3, 6 pg Erwinia asparaginase purified from Er. chrysanthemi; lane 4, 6 pg Erwinia asparaginase purified from E. coli harbouring pASN30; lane 5 , molecular weight markers [ribonuclease (14000), chymotrypsin (22000), ovalbumin (40000) and bovine serum albumin (68000)]. (0). At timed intervals 40 ml of culture was removed, E. coli cells were pelleted, and cell-free extracts were prepared. Erwinia asparaginase was assayed as described in Methods. Regulation of the cloned asparaginase gene in E. coli Production of asparaginase in Er. chrysanthemi is known to be repressed by both glucose and glycerol (Callow et al., 1971) . The regulation of the cloned gene was therefore investigated using E. coli JM83 containing the plasmid pASW30. Cells were cultured in L-broth with and without glucose or glycerol, and the level of asparaginase expression monitored. Enzyme production was markedly repressed in the presence of glucose, but only slightly inhibited by glycerol (Fig. 4) .
Insertion of the Erwinia asparaginase gene into pKT230
One of the objectives of this study was to enhance the levels of asparaginase in Erwinia strains by the introduction of the gene on a recombinant plasmid. As little information is available as to the stability in Erwinia of plasmids utilizing the ColEl replicon we wished to insert the gene into the broad host range vector pKT230 (Bagdasarian et al., 1981) , in addition to pUC9. This was achieved by deleting 1.9 kb of DNA between the SmaI and SphI sites of pASN32 (Fig. 5) to yield the plasmid pASN326. The Erwinia asparaginase gene was then excised as a 2.9 kb BamHIEcoRI fragment and inserted into the appropriate sites of pKT230 to give the plasmid pASN230 (Fig. 5) . The orientation of insertion of the Erwinia asparaginase gene in both plasmids is such that transcriptional read through can occur from an upstream promoter on the vector. (From the lac promoter in the case of pASN326, and from the promoter of the kanamycin resistance gene in the case of pASN230.)
Erwinia transformation
Repeated attempts to transform Er. chrysanthemia NCPPB 1066 with pASN326 and pASN230, using a variety of techniques, have so far proved unsuccessful. In control experiments, the plasmids pUC9 and pKT230 were introduced into Er. carotovora SCI193, utilizing a previously described transforma tion procedure (Hinton et al., 1985) , at frequencies of lo3, and 0.6 x lo5, transformants (pg plasmid DNA)-', respectively. The surprisingly high transformation frequency of pKT230 compared to pUC9 was subsequently shown to be attributable to preparation of the plasmid DNA from Pseudomonasputida 2400 (Bagdasarian et al., 1981) . Plasmid preparations of pKT2.30 derived from either Er. carotovora SCI193 or P. putida 2440 transformed the Erwinia strain at similar high frequencies [between 2.5 x lo4 and 7-5 x lo4 transformants (pg DNA)-'], while the same vector prepared from an E. coli host transformed at a reduced frequency [3-5 x lo2 transformants (pg DNA)-*, comparable to pUC91. This result indicates that either the restriction/modification systems of these two unrelated bacteria have a similar specificity, or strain 2440 is m-in addition to its reported rgenotype.
Expression of the Erwinia aspuraginase gene in Er. carotovora SCI193
The plasmids pASN326 and pASN230 were introduced into Er. carotovora SCI193 and the resultant transformants grown in the medium utilized for the production of asparaginase from Er. chrysanthemi NCPBB 1066. The cells were subsequently assayed for asparaginase activity (Table 4) . It was apparent that the plasmid pASN230 consistently directed the expression of two-fourfold higher levels of asparaginase than were obtained from Er. chrysanthemi NCPPB 1066 grown under identical conditions. The results obtained with cells carrying pASN326 exhibited a wide degree of variability. In general, the yield of asparaginase from cells harbouring pASN326 was equivalent to the yield from Er. chrysanthemi NCPPB 1066, in terms of units (ml culture)-', but on the basis of specific activity was up to threefold higher. Thus the growth of Er. carotovora SCI 193 appeared to be reduced by the presence of pASN326.
DISCUSSION
The Er. chrysanthemi gene coding for L-asparaginase was cloned and expressed in E. coli. Initially the gene was located in a 4-7 kb EcoRI restriction fragment, which was cloned into pUC9 in both orientations to give the recombinant plasmids pASN30 and pASN32. E. coli harbouring either piasmid produced similar levels of asparaginase, indicating that the promoter 
in Erwinia hosts
Cells were grown for 16 h at 28 "C in Yeatex medium containing the appropriate antibiotic at a final concentration of 30 pg ml-I. The cells were harvested by centrifugation, resuspended in one-tenth volume of 10 mM-Tris/HCI buffer, pH 7-5, containing 0.1 mM-EDTA, and disrupted by sonication. Bacterial cell debris was removed by centrifugation at 16 x lo3 g for 5 min. Asparaginase activity and protein were assayed as described in Methods. region of the gene had also been cloned. The high level of expression (up to 6% soluble protein) also suggests that this particular Erwinia promoter is efficiently utilized in E . coli. The ptomoter region of an Er. chrysantherni pectate lyase gene has also been shown to be efficiently utilized in E. coli (Keen et al., 1984) . Secretion of asparaginase by E . coli was also demonstrated, as the mature enzyme was predominantly located in the periplasmic space. It follows that the asparaginase structural gene should contain an N-terminal signal peptide sequence.
The level of expression of the asparaginase gene when under lac promoter control (pASN42) was lower than when enzyme synthesis was regulated by the natural asparaginase promoter (pASN30). This was surprising as the lac d promoter is widely recognized as one of the more powerful E. coli promoters (Rosenberg et al., 1982) . Two possible explanations are that: (i) the mRNA produced from the lac promoter is inefficiently translated, possibly due to secondary structure (e.g. Schoner et al., 1984) or (ii) fusion of the N-terminal portion of the l a d ' gene with the asparaginase structural gene results in a decreased enzymic activity. The latter possibility would appear unlikely as the enzyme produced by E . coli cells carrying pASN42 was located exclusively in the periplasmic space (data not shown), indicating that the protein synthesized still carried an N-terminal signal sequence.
Expression of the cloned gene was shown to be subject to catabolite repression in E . coli. As asparaginase production in Er. chrysantherni is also glucose repressed, the regulatory region of the gene must contain a recognition sequence for the catabolite activator protein. Furthermore, this recognition sequence must be conserved in both enterobacteria. A similar situation was observed with the cloned pectate lyase gene (Keen et al., 1984) . In contrast to the regulatory control of asparaginase synthesis in Erwinia, expression of the cloned gene was not repressed by glycerol in E. coli. This implies that the mechanisms of glycerol and glucose repression of asparaginase are distinct.
The isolated Erwinia asparaginase gene was successfully introduced into Er. carotovora SCI 193 cloned in the plasmids pUC9 and pKT230. Under the conditions used, the latter plasmid construct (pASN230) directed the expression of approximately threefold higher levels of asparaginase than the production strain Er. chrysanthemi NCPPB 1066. The reproducibility of this result is currently being evaluated under the controlled conditions of small scale (8 1) fermenters. Aside from the higher yield of asparaginase, the Er. carotovora strain has the added advantage over Er. chrysantherni NCPPB 1066 of being protease-. At present the high proteolytic activity associated with strain NCPPB 1066 frequently causes problems during the large scale purification of the enzyme.
The lower yield, on the basis of units (ml culture)-', of asparaginase from Erwinia cells carrying pASN326 compared to cells harbouring pASN230, appears to be primarily due to failure of the cultures to achieve a comparable biomass. This may be due to the detrimental effect of the high copy number of this plasmid (copy number 200-500 in E. coli; S . Chambers, personal communication).
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Future work in this laboratory will utilize the cloned gene to investigate cis acting regulatory elements of the gene. The nucleotide sequence of the structural gene and its promoter region are currently being determined.
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